Objectives: To determine the safety and efficacy of 2 dose formulations of melatonin for the treatment of insomnia in patients with Alzheimer's disease. Design: A multicenter, randomized, placebo-controlled clinical trial of 2 dose formulations of oral melatonin coordinated by the National Institute of Aging-funded Alzheimer's Disease Cooperative Study. Subjects with Alzheimer's disease and nighttime sleep disturbance were randomly assigned to 1 of 3 treatment groups: placebo, 2.5-mg slow-release melatonin, or 10-mg melatonin. Setting: Private homes and long-term care facilities. Participants: 157 individuals were recruited by 36 Alzheimer's disease research centers. Subjects with a diagnosis of Alzheimer's disease were eligible if they averaged less than 7 hours of sleep per night (as documented by wrist actigraphy) and had 2 or more episodes per week of nighttime awakenings reported by the caregiver. Measurements: Nocturnal total sleep time, sleep efficiency, wake-time after sleep onset, and day-night sleep ratio during 2-to 3-week baseline and 2-month treatment periods. Sleep was defined by an automated algorithmic analysis of wrist actigraph data.
INTRODUCTION

ALTHOUGH PROGRESSIVE DETERIORATION OF MEMORY, LANGUAGE, AND INTELLECT ARE THE CLASSIC HALLMARKS OF ALZHEIMER'S DISEASE (AD), THE DEGENERATIVE PRO-CESS ALSO PRODUCES NEUROBEHAVIORAL SYMPTOMS THAT CAN BE AS STRESSFUL TO PATIENTS AND CAREGIVERS
AS THE DEMENTIA ITSELF. Sleep disturbances are among the more common neurobehavioral symptoms of AD, affecting up to 45% of patients. 1 Nighttime awakenings can be extremely stressful for family members and caregivers and can lead to nursing home placement. 1, 2 Frequently reported sleep disturbances include nighttime awakenings, early morning awakening, excessive daytime sleepiness, and on rare occasions, a diurnal reversal of the sleep-wake cycle with the main sleep period occurring in the daytime. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Memory function in people without dementia, but at high genetic risk for AD, is particularly sensitive to the adverse effects of daytime sleepiness. 20 This suggests that improving nighttime sleep and daytime alertness in people with dementia can help their cognitive function. Despite the high prevalence and great impact of these symptoms, no large clinical trial of a sleep medication in AD patients has been reported in the literature.
Melatonin is in widespread use for the treatment of insomnia, and although there is scientific plausibility for its use, there are no data to support either safety or efficacy in the dementia population. The Alzheimer's Disease Cooperative Study (ADCS) provided the administrative structure for the type of large-scale clinical trial needed to determine the safety and efficacy of the use of melatonin in patients with AD. The ADCS is funded by the National Institute on Aging, primarily to carry out clinical trials for agents in the public domain that might be useful in the treatment of patients with AD but would not be developed by industry because of a lack of patent protection. The consortium comprises the majority of the National Institute on Aging-funded AD centers in the United States, along with other centers of excellence in aging and dementia research. Since melatonin is a naturally occurring compound widely used in the AD community but is not being developed for AD because of a lack of patent protection, its testing falls within the mandate of the ADCS. The reasons to investigate the use of melatonin were especially compelling, given its potential for both soporific [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] and chronobiologic [37] [38] [39] [40] [41] [42] [43] [44] activity. The ADCS, therefore, designed a study to determine the safety and efficacy of melatonin's soporific effect in patients with AD and nocturnal insomnia. To our knowledge, this is the only large, multicenter, clinical trial for the treatment of sleep disorders in AD ever attempted.
METHODS
Overview
This was a multicenter, randomized, placebo-controlled study of 2 melatonin formulations (2.5 mg sustained-release (SR) and 10 mg immediate release). Subjects were randomly assigned (blocked by study site) in a double-blind fashion to 1 of 3 groups: placebo (PLA), 2.5 mg SR melatonin (ML 2.5SR), and 10 mg immediate-release melatonin (ML 10) . Total nighttime sleep, defined by actigraph-determined immobility between the hours of 8:00 PM and 8:00 AM the following morning, was the primary outcome measure. The protocol schematic and subject flow are presented in Figure 1 . The schedule of procedures and visits is presented in Table 1 , and the primary and secondary outcome variables are described in Table 2 .
Melatonin Formulations
The decision as to what doses of melatonin to study in this project was an important one. High doses of melatonin (50 mg) but not physiologicrange doses (0.2 mg) appeared to be effective in our pilot studies in healthy elderly subjects, in whom sleep was recorded with polysomnography. 34, 35 In an 11-patient placebo-controlled pilot study in AD patients, the use of 10 mg of melatonin provided an average of a 30-minute increase in actigraphically determined sleep time (unpublished pilot data), whereas a 0.5-mg dose did not affect sleep in another trial involving 7 AD subjects. 36 We chose 2 pharmacologic-range doses of melatonin for this study-1 moderately high (10 mg) and the other moderately low (2.5 mg). Based on initial 1-dose pharmacokinetic studies we had conducted in 7 elderly healthy subjects and 4 elderly subjects with AD, the 10-mg preparation was shown to yield initial blood levels high enough to be sustained through the night with bedtime administration, clearing with a half-life of 40 to 60 minutes, and leaving normal low physiologic daytime levels by dawn. The 2.5-mg SR preparation was selected as the lower-dose melatonin formulation. This SR preparation produced elevated melatonin levels for several hours in young healthy subjects but with a much lower peak level than the 10-mg dose. Peak plasma levels varied from one person to another, but these preparations generally yielded peak plasma levels 10 to 100 time normal physiologic levels. 45 Placebo and both melatonin preparations were supplied by Genzyme Limited (Boston, Mass) in identical capsules. Melatonin was used under a Food and Drug Administration Investigational New Drug Application number.
The time at which melatonin was given in this protocol was another important consideration. This study was a test of the soporific efficacy 39 Mini-Mental State Examination, a 30-point measure of cognitive function (lower score indicates more severe dementia) ADAS-cog 40 Alzheimer's Disease Assessment Scale-cognitive subscale, a 70-point measure of cognitive function (higher score indicates more severe dementia) ADCS-ADL Inventory 41 Rates degree of independence in 23 activities of daily living validated by the Alzheimer's Disease Cooperative Study Hamilton Depression Rating Scale 42 Rating used in this study to help rule out major depression NPI 43 Neuropsychiatric Inventory rating of 3 factors (frequency, severity, and distress) for 12 different neurobehavioral symptoms in persons with dementia. of melatonin in AD subjects with nighttime insomnia. We specifically wanted to minimize a potential circadian phase shift by melatonin, as this could affect sleep propensity and quality. 46 A circadian phase shift would be most likely to occur if exogenous melatonin was given earlier than the subjects' own endogenous melatonin onsets. It was not possible in this protocol to monitor circadian rhythms other than sleep. We presumed most subjects were entrained to the day-night cycle, although we did not exclude people with more daytime than nighttime sleep (who could therefore could be abnormally entrained).
Although not yet studied in AD subjects, normally entrained healthy individuals have a melatonin onset that begins about 14 hours after awakening (ie "circadian time 14" or "CT14") and about 2 hours before sleep onset. 41 Using habitual sleep onset as a surrogate circadian phase marker, we assumed that our subjects' endogenous melatonin onset would be 2 hours prior to sleep onset. The subjects and caregivers were therefore instructed to take (or give) the melatonin 1 hour prior to habitual bedtime so that the exogenous melatonin would likely be taken after the endogenous onset and, therefore, have minimal circadian phase-shifting effect but still yield high plasma levels by bedtime.
Research Subjects
Subjects with an NINCDS-ADRDA (National Institute of Neurological and Communicative Disorders and Stroke/the Alzheimer's Disease and Related Disorders Association) diagnosis of probable AD, 47 a nighttime sleep disturbance, a family caregiver or guardian able to give informed consent, and the ability of both themselves and their caregiver to comply with the protocol were eligible for the study. There is no generally accepted quantitative definition of sleep disturbance or insomnia in the AD population, although one has recently been proposed by a group of AD sleep investigators. 48 For the purpose of this study, sleep disturbance was defined as averaging less than 7 hours of total time immobile (ie, 0 activity counts) between 8:00 PM and 8:00 AM during the screening period of at least 1 week plus 2 or more episodes per week of nighttime behaviors as reported by the caregiver on the Sleep Disorders Inventory (SDI), a scale developed specifically for this protocol. To create the SDI, the sleep section of the Neuropsychiatric Inventory (NPI) 49 was expanded to provide a 7-item questionnaire focusing on sleep behavior disturbance. With this instrument, the caregiver was able to rate observable behaviors occurring within the previous 2 weeks. The SDI items include difficulty falling asleep, getting up during the night (other than for toileting), nighttime wandering, awakening the caregiver, awakening and thinking it is daytime, awakening too early, and excessive daytime sleeping. Caregivers rated each item for frequency (never = 0 to at least once per night = 4), severity (not present = 0 to markedly disturbing = 3), and caregiver distress (not at all distressing = 0 to extremely distressing = 5). The SDI was used in establishing eligibility as well as for monitoring symptoms throughout the study. Details of inclusion and exclusion criteria are presented in Appendix 1.
Investigators from 36 AD research centers throughout the US enrolled subjects over a 3-year period (see Appendix 2) . The subjects were recruited from the investigators' own dementia clinics, other clinics, long-term care facilities, newspaper advertisements, Alzheimer's Association newsletters, public lectures, and calls to individual physicians.
Actigraphs
Wrist actigraphy is generally accepted as the most practical method for obtaining objective, quantitative, sleep-wake cycle data in persons with dementia. 48, [50] [51] [52] [53] The actigraphs used in this study were Actiwatch AW64 series models produced by Mini-Mitter, Inc. (Sunriver, Oregon). With few exceptions, research subjects wore the same actigraph throughout the trial. In 3 cases, an actigraph had to be substituted for the original one that was misplaced by the subject or caregiver. All MiniMitter actigraphs are calibrated at the factory to provide standardized movement sensitivity within less than a 0.1% error, so a correction factor was not employed when a subject had worn more than 1 actigraph during the course of the study. The Actiwatch AW64 series sleep-algorithm software calculates sleep probabilities based on arm-motion data and, when the instrument is set on high-sensitivity mode, provides excellent correlation when compared to total sleep times determined by polysomnography (PSG) in healthy elderly. 54 The actigraph and software also provided excellent correlation with PSG sleep (r 2 =0.92, P < .01) in 7 subjects with AD, although it consistently overestimated sleep relative to PSG ( Figure 2 and Table 3 ). The high Spearman correlation between the 2 sets of observations makes us confident that actigraphs and PSG measure the same threshold phenomenon (ie, sleep or wake).
Scientific Aims
The primary goal of the study was to determine the efficacy of melatonin for improving nighttime sleep in patients with AD. The study was designed to determine if there was a change (relative to baseline) in total sleep time in any of the 3 treatment arms (PLA, ML 2.5SR, ML 10). We also sought to determine if there was a difference in time awake after sleep onset (WASO) and sleep efficiency (SE) between the 3 treatment arms.
Sleep latency (time to fall asleep) is usually a critical outcome variable in sleep research and has been shown to improve in response to melatonin, using both subjective and objective measures in previous studies of non-AD subjects. 26 However, we did not think we could reliably determine sleep latency in a large multicenter trial. We knew we would be relying on caregivers to carefully record lights-out time in the sleep diary (see below) and press the internal event marker (a button on the actigraph that marks the sleep record at the time the button is pressed). In our experience, caregiver compliance with these procedures is not good enough to enable accurate determination of sleep latency in trials with dementia subjects. Fortunately, difficulty falling asleep is not usually a major problem for AD subjects, so sleep-latency data may not be as critical an outcome variable in AD sleep research as it is in other insomnia studies. For these reasons, we chose to not include sleep laten- cy as a primary outcome measure in this study. Caregivers were asked to complete a Daily Sleep Diary form to document bedtimes, lights-out time, time of melatonin administration, and the rare times that the actigraph was left off the subject. The sleep diary also included a 5-point rating of sleep quality (see Table 2 ). The Daily Sleep Diaries were reviewed by the site study coordinator at each study visit to enhance compliance.
Secondary outcomes included change in cognitive function (as measured by the Mini-Mental State Examination 55 and the Alzheimer's Disease Assessment Scale -cognitive subscale 56 ), function in activities of daily living, 57 depressive symptoms (Hamilton Depression Rating Scale), 58 and neuropsychiatric symptoms (NPI and SDI). Change scores were calculated for all variables (later-earlier). To meet secondary goals, comparisons were made across groups in the ratio of actigraph-measured daytime to nighttime sleep, the proportion of subjects who gained at least 30 minutes in total nighttime sleep, and reported adverse events (AEs).
Procedures
Subjects wore the actigraphs continuously throughout the 2-to 3-week screening period and the 10-week protocol. Actigraph data for each subject were downloaded every 2 weeks during the treatment phase at each clinic or home visit. The actigraph coordinator at the Oregon Health Sciences University in Portland reviewed all data for quality control and transferred it electronically to the ADCS Data Management Core at the University of California, San Diego. The initial quality check at Oregon Health Sciences University of the 2-week data file was to confirm that wrist-activity data had been captured in that file and that actigraph procedures were correctly followed at the site from which the data had been sent. If there were any data gaps in a 24-hour segment of the 2-week data file, the entire 24-hour segment was deleted. The raw data were then transported to a master spreadsheet and sent to the ADCS. At the ADCS, a single actigraph record for the entire 8-week treatment period for each subject was created from the master data file. The data files were sorted by time-stamp and subject number and then loaded into the actigraphy-analysis program, which cut them into 24-hour (noon to noon) segments. Each day's data were then rechecked for potential quality problems. Days with data gaps or spurious values were deleted, and the remaining segments were scored for sleep and other critical values. The products of these steps were then transferred to the master output file for later analysis.
A computerized automated scoring technique was developed at ADCS by one of the authors (AG) to translate the vast amount of wrist-movement data into sleep values. The output of the automated algorithm was identical to that of the manufacturer's nonautomated sleep-scoring algorithm, which, as described previously, shows excellent correlation with PSG data in AD subjects, although it tends to overestimate sleep ( Figure  2 and Table 3 ). At each of the 4 biweekly visits during the treatment phase, caregivers were queried regarding the occurrence of AEs using a standard clinical trial AE questionnaire. The determination as to whether or not a specific AE was related to study medication was made by the primary investigator at the individual site and the primary investigator of the overall study (C. Singer). A Safety Monitoring Committee reviewed safety data, such as clinical laboratory values and AEs, throughout the trial. Sealed code breakers were distributed to each site and recovered at the end of the trial. In no instance was it necessary to break the blind.
We obtained a midday plasma sample on the day after the final dose of study medication (ie, final study visit) to determine if the relatively high doses of melatonin used in this study result in high residual daytime levels after chronic administration. We drew these plasma samples on all willing subjects (n=128), including those in the placebo group, since placebo-group data could serve as control values, plus the fact that we were blinded as to who was in the placebo group. The plasma samples were sent to Oregon Health Sciences University for melatonin assay.
Statistical Methods
Based on pilot data, the study was designed to enroll 50 subjects per treatment arm (total N=150) in order to detect a 30-minute change in nocturnal total sleep time (NTST) between melatonin and placebo groups with greater than 80% power and type 1 error level of 0.05 (2-sided). A 2-sided analysis was planned in order to be conservative and so as not to assume that melatonin would be helpful rather than harmful to sleep.
In fact, more than 50 subjects were randomized to each arm. The primary analyses utilized the intent-to-treat sample (ie, based on all randomized subjects). One hundred fifty-seven subjects were randomly assigned to treatment groups, but because of technical difficulties, actigraph data from only 151 subjects were available for inclusion in the intent-to-treat analysis. No imputation scheme was used, and while 12 subjects discontinued treatment (13.1%), the data they contributed at any visit prior to discontinuation were used in the final analysis. However, because of technical difficulties, no actigraph data were available for 6 subjects, so not everyone who was randomly assigned to a treatment group could be included in intent-to-treat analysis of the primary sleep outcomes. Balance across groups and association with outcomes were assessed for each major potential covariate to determine inclusion status for the regression model. Age, duration of AD (defined by date of diagnosis recorded in the medical record or family's best estimate), sex, dementia severity, and years of education were the variables we evaluated for balance across groups. Any covariate that was at least marginally out of balance (ie, P = .15) and had marginally significant association with outcome (ie, P = .10) would be included in the model.
Mean baseline and screening-period sleep values were included in the linear regression analyses of the treatment-period response variable. Mann-Whitney (nonparametric) t tests were used to evaluate each of the continuous outcome measures (pretreatment, treatment, and change). Chi square/Fisher exact tests were carried out for comparisons between the proportions of groups gaining at least 30 minutes in NTST. In every analysis, each of the 2 active treatment arms was compared to placebo.
The χ 2 /Fisher exact tests were carried out for comparisons between groups in terms of 5 AE summary variables (number of AEs per category per arm, mean number of AE reports per person, mean AE severity rating (1=mild; 2=moderate; 3=severe), mean AE seriousness rating (1=life threatening/serious; 2=not serious), and mean AE relatedness rating (1=AE definitely related to study drug; 2 =probably related to study drug; 3=possibly related to study drug; 4=remotely related to study drug; 5=not related to study drug).
Holm adjustments were planned where necessary to correct for the multiple comparisons. The significance level was set at adjusted P values of .05, but outlier analyses were carried out on outcomes where unadjusted P values were less than .25.
RESULTS
We screened 244 potential subjects and enrolled 157. Randomized assignment to the 3 treatment arms was fairly well balanced: PLA: n=52, ML 2.5SR: n=54, and ML 10: n=51. The average age of the subjects was 77.4 ± 8.9 years (Table 3) . Women comprised 56.1% of the subject population, and minorities, 19.1%. Subjects had an average duration of AD at time of enrollment of 4.9 ± 3.0 years, and an average Mini-Mental State Examination score of 13.9 ± 8.8, and Alzheimer's Disease Assessment Scale -cognitive subscale score of 38.5 ± 18.9, indicating moderate dementia, although the range of severity was quite broad.
None of the potential covariates were found to be out of balance at baseline (ie, all P >.30); therefore, no variable examined was included in the final analyses. Also, the groups did not differ on any baseline variable with the exception of NPI scores, which were highest in the ML 2.5SR group (Z = -1.989 vs placebo, unadjusted P =.012; see Table 2 ). The NPI scores were found not to be associated with the primary sleep variables (all unadjusted P =.15), and so were not included in any model of analysis. Table 4 provides descriptive statistics for the baseline, treatment period, and changes for the primary and secondary sleep variables. In none of the statistical analyses of the primary sleep measures (baseline vs treatment) did any P value fall below our preset level of significance. Holm-adjustments were not applied because the P values for planned analyses were all greater than .05.
While no primary outcome measure reached significance for any tested hypothesis, NTST increased by 16 ± 54 minutes in the ML 2.5SR group and 13 ± 44 minutes in the ML 10 group compared to 3 ± 39 minutes for placebo, indicating a weak trend for more nighttime sleep in the melatonin groups. There was also a strong trend for the proportion of the group gaining at least 30 minutes of NTST to be greatest in the ML 10 group: 37% versus 20% for PLA (unadjusted P =.07) and 24% for ML 2.5SR. The analysis comparing the ratio of daytime to nighttime sleep in the placebo arm showed no difference versus either ML 2.5SR (unadjusted P =.20 when analyzed without the "free-running" subject, see next paragraph) or ML 10 (unadjusted P =.12).
A subject in the ML 2.5SR arm was subsequently discovered to have what appeared to be a free-running circadian sleep-wake cycle with a period of about 24.5 hours. At the start of baseline monitoring, this subject's primary sleep period was during the daytime, with about a 30-minute phase delay in sleep onset per day throughout the baseline-monitoring period. By the third night of study medication (study day #17), his primary sleep period had shifted to a more normal phase relationship to nighttime and remained so entrained through the remaining study period, including the washout phase. Melatonin was administered in this subject, as in the others, 1 hour before the time his family said was his habitual bedtime. We did not discover until the actigraph data were analyzed at the end of the study that his primary sleep-period times were drifting later each night. This subject's actigraph data suggested much improved sleep during the period of melatonin administration and washout (when he appeared to have a normally entrained sleep-wake cycle), with NTST increasing from a mean of 5.4 hours at baseline to 6.6 hours during treatment, and sleep efficiency increasing from a mean of 47.2% at baseline to 78.2% during treatment. 59 This unusual subject will be discussed in further detail in a subsequent report. Because the nature of both the sleep disturbance and response to melatonin of this subject were unique relative to others in this large cohort of AD subjects, when the primary outcome measures of the ML 2.5SR group were compared to placebo and the P values were less than .25, the analyses were rerun without this subject's atypical response. Excluding this individual resulted in virtual elimination of any effect of treatment in the ML 2.5SR group relative to PLA. Table 5 presents the demographic data and baseline and change scores for the secondary measures. Change scores in Mini-Mental State Examination, Alzheimer's Disease Assessment Scale -cognitive subscale, activities of daily living, Hamilton Depression Rating Scale, NPI, and SDI were calculated for all variables (later-earlier). Because of the high baseline NPI scores in the ML 2.5SR group, a significant difference in change in NPI scores between baseline and end of treatment was seen between ML 2.5SR and PLA (P = .05). No other differences were found, and the change in NPI in the ML 2.5SR group was not associated with change in sleep variables (all unadjusted P = .15).
Secondary Measures
Dementia caregivers are highly stressed and, with the exception of the sleep-quality rating, the compliance with Daily Sleep Diaries was poor. Quality of sleep ratings from the Daily Sleep Diaries showed that the average gain in sleep quality was significantly greater in the ML 2.5SR group than in PLA (Z = -2.44, adjusted P = .03) but not for ML 10 (unadjusted P = .36). The mean gain in sleep quality was a change from "difficult night" to "fair night" for ML 2.5SR, while placebo ratings did not change from "fair night," although the average rating increased slightly. The average gain in sleep quality for ML 10 was less than that for PLA. There were no significant differences in SDI scores, and, on average, improvement was observed in each group: ML 10 had the greatest improvement, followed by ML 2.5SR and PLA.
Adverse Events
There were no differences in the mean number, severity, seriousness, or relatedness ratings of spontaneously reported AEs across the 3 groups (ie, the proportions of each treatment group reporting any AE were equal). Table 6 presents summaries of the AEs for this study. The unadjusted P value (P = .04) for comparisons of average seriousness of reported AEs suggested that AEs in the placebo group were more serious than those in the ML 10 group. We also found that, while the proportion of the active treatment groups reporting at least 1 AE did not differ sig- 3.3 ± 1.8 3.7 ± 2.2 3.8 ± 2.4 3.6 ± 2.2 SDI change* -1.6 ± 1.4 -1.9 ± 2.6 -2.3 ± 2.3 -1.9 ± 2.2 Sleep Quality Rating 3.0 ± 0.7 3.0 ± 0.7 3.2 ± 0.7 3.1 ± 0.7 Sleep Quality Rating Change 0.3 ± 0.6 0.41 ± 0.7 § 0.2 ± 0.4 0.30 ± 0.6 *Negative score = improvement. † Mann-Whitney test: unadjusted P = .012 for ML 2.5SR mg vs ML 10 mg. ‡ Mann-Whitney test: unadjusted P = .047 for ML 2.5SR vs placebo. § Unadjusted P = .023 for ML 2.5SR vs ML 10. c Adjusted P = .03 for ML 2.5SR without data from subject with free-running circadian rhythm vs placebo. ML 2.5SR refers to treatment with 2.5 mg sustained-release melatonin; ML 10, treatment with 10 mg melatonin; AD, Alzheimer's disease; MMSE, Mini-Mental State Examination; ADAS, Alzheimer's Disease Assessment Scale; NPI, Neuropsychiatric Inventory; SDI, Sleep Disorders Inventory.
nificantly, more AEs were reported in the ML 2.5SR group than in the ML 10 group (unadjusted P =.04).
Residual Daytime Plasma Melatonin Levels
The melatonin groups had elevated daytime plasma melatonin levels relative to the PLA group, P < .05 by Holm-adjusted Mann-Whitney t test (Figure 3) . Residual daytime melatonin levels in the ML 10 group (mean ± SD) were highest (67.7 ± 281 ng/dL), followed by ML 2.5SR (28.7 ± 67 ng/dL), and PLA (2.7 ± 4 ng/dL). Two subjects in the ML 10 group had midday melatonin levels greater than 600 ng/dL, and 1 subject in the ML 2.5SR group had a level greater than 400 ng/dL. All subjects in the placebo group had melatonin levels that were normal midday values (<10 ng/dL).
DISCUSSION
We have reported the results of the first multicenter clinical trial of a therapeutic agent for sleep disturbance in AD. No significant treatment effects were seen in the actigraph data, although 2 positive trends were detected. There were trends for increased NTST in the melatonin groups relative to the PLA group and in the percentage of subjects in the ML 10 group versus those in the PLA group to experience at least a 30-minute increase in NTST (see Table 4 ). There was also a very weak trend for decreased day-night sleep ratio (ML 2.5SR vs PLA).
Baseline NTST was 351 ± 83 minutes (5.8 ± 1.4 hours) and daytime total sleep time was 151 ± 96 minutes (2.5 ± 1.6 hours). That is, average total sleep time in a 24-hour cycle at baseline was more than 8 hours, with almost one-third occurring during daytime hours. This is evidence that the primary sleep disturbance for many of these patients was in the diurnal distribution rather than decreased amount of sleep. However, given the tendency for actigraphs to overestimate sleep by 27%, it is possible that many of the subjects were sleep deprived even with compensatory daytime sleep.
Although more AEs were reported in the ML 2.5SR group than in the ML 10 group (Table 5) , there was no difference between groups in the likelihood of AEs being related to study medication. No AEs were definitely related to study medication. In general, melatonin appears to be as well tolerated as placebo.
The subject who had what appeared to be a free-running sleep-wake cycle during the baseline monitoring period had a large gain in NTST and sleep efficiency with ML 2.5SR. 46 We believe it was reasonable to exclude this subject's data from the final analysis because his sleep disturbance and melatonin response were atypical for this group of subjects. His response to melatonin most likely depended on a chronobiologic mechanism that may not be relevant to AD patients without free-running sleep rhythms. That is, it is likely that melatonin improved sleep quality in this subject by anchoring his primary sleep period at the appropriate time, thereby synchronizing sleep-wake and day-night cycles.
Night-to-night variability in all sleep measures, especially wake after sleep onset, was very large in our study population. The mean change in sleep measures observed in the PLA group were small, but the range of these changes was large. This variability was also seen in the melatonin groups. We had hoped melatonin would reduce night-to-night variability, but this effect was not seen in our analyses. Investigators need to anticipate this high level of variability in their power analyses for future studies involving sleep in AD subjects.
Mean daytime melatonin levels at the study's end were higher in the ML groups than in the PLA group (Figure 3 ). Melatonin is a nocturnal hormone, and, normally, melatonin levels are nearly undetectable during the day. 60 The high melatonin doses used in this trial were selected because lower doses were ineffective in our pilot studies, whereas higher doses looked promising for enhancing sleep maintenance. At the time we designed this trial, lower doses had never been shown to improve sleep maintenance in any subjects, although a recent report of a small sample of subjects suggests that a "physiologic-range" dose of 0.3 mg can improve sleep efficiency in older patients with insomnia. 61 With nightly administration for 8 weeks, pharmacologic-range melatonin produced elevated daytime levels at the last study visit in several of our subjects, especially at the 10-mg dose (Figure 3 ). High residual melatonin levels could have a daytime soporific effect that adversely impacts nighttime sleep. Apart from this potential daytime soporific effect, there may also be a counter-therapeutic chronobiologic effect from these high daytime plasma levels, since the circadian pacemaker is sensitive to the phase-shifting effects of melatonin during the day as well as at night. 38 In 1 study, high doses of melatonin (20 mg) given to a freerunning blind person failed to entrain the subject, whereas a low dose (0.5 mg) succeeded, presumably because of high residual daytime melatonin levels interacting with the phase-advanced portion of the melatonin phase-response curve normally not exposed to endogenous melatonin. 62 A recently published, trial of high-dose, slow-release melatonin (6 mg, described as low dose by the investigators) in 25 subjects with mixed dementia diagnoses was also negative. Although they did not report daytime melatonin levels, it is conceivable that high daytime residual levels of melatonin also contributed to the negative findings of the well-designed, high-dose trial of Serfaty et al. 63 We do not know whether elevated daytime melatonin levels affected the outcome of this trial. The subject in the ML 10 group with the highest residual daytime level (680 ng/dL at 12:00) gained an average of 49 minutes of daytime total sleep time, suggesting a counter-therapeutic effect in this individual. A subject in the ML 2.5SR group had a plasma melatonin level of 427 ng/dL at 3:00 PM on the last day of the study. This subject had nearly 15 minutes less nighttime sleep and 18 minutes more daytime sleep on average during the melatonin treatment period relative to baseline. In fact, 2 of the 3 subjects in the ML arms with the highest residual afternoon melatonin levels had significant deterioration in nighttime sleep and day-night sleep ratio. Elevated daytime melatonin levels, through interaction with the phase-advance portion of the melatonin phase-response curve, could have induced a phase advance in circadian rhythms that resulted in more daytime sleep and less evening sleep. This may have contributed to the mixed results we observed in the whole study sample. However, total sleep time during the day did not increase more in the melatonin groups as a whole than in the PLA group (Table 4) , nor did subjects receiving melatonin report more daytime fatigue or other AEs than the other groups (Table 6) .
We chose a 12-hour nighttime epoch to define the nocturnal period for automated scoring. We did not want to impose sleep times on the subjects, and we therefore had to use a large nocturnal window to encompass the subjects' variable nocturnal sleep periods. However, by arbitrarily defining nighttime sleep and daytime sleep periods, we may have misrepresented the sleep of subjects who either went to bed before 8:00 PM or who sleep past 8:00 AM for their primary nocturnal sleep period. Any potential improvement in NTST as a result of study medication coming before 8:00 PM or after 8:00 AM would be interpreted as a negative outcome in this analysis. A review of the sleep-diary data indicated that the 12-hour nocturnal window did capture all of the subjects' primary sleep periods.
A second potential problem with this method of analysis is that many subjects may actually have had improved sleep during 1 segment of the 12-hour nocturnal epoch, say between midnight and 4:00 AM, that would also go undetected by our method of analysis because of more wakefulness during another segment of the nocturnal epoch, say between 4:00 AM and 8:00 AM. This is an important issue because our analysis may have missed a change in sleep that would be much appreciated by families and caregivers, such as improved middle-of-the night sleep. We intend to address this question in future analyses.
Although this study was the first multicenter trial of melatonin in this population, and was large by sleep-research standards, it was small in size compared to most multicenter trials of psychotropic medications. For example, trials of antipsychotic medications for psychosis or agitation in AD often require several hundred subjects to show efficacy because of very modest treatment-effect size, 64 yet these medications are in widespread clinical use in AD patients and are generally considered to be efficacious. Subjective measures did show change in this trial, and in the case of caregiver sleep-diary assessments of sleep, there was a significant improvement in the ML 2.5SR group relative to the PLA group and trends for the ML groups relative to the PLA group to show improvement on the SDI. Nevertheless, without significant change in objective sleep measures, there is little doubt that this is a negative trial. We powered this study to detect a 30-minute increase in NTST (á =0.8), which is not only the treatment effect seen in our pilot study, but, arguably, is a minimum effect size for clinical significance. We observed roughly half this increase in NTST for 2 two active-treatment arms (16 ± 54 minutes in the ML 2.5SR group and 13 ± 44 minutes in the ML 10 group) versus essentially no change in the PLA group (3 ± 39 minutes). Although our methodology had certain limitations, our failure to detect a 30-minute increase in NTST in the ML groups suggests that melatonin does not have a clinically significant treatment effect on objective measures of sleep maintenance, sleep duration, or day-night sleep ratio in most patients with AD.
We believe that these data can be helpful in advising our patients who ask us about melatonin. It is reasonable to conclude that melatonin is very well tolerated, even at a high dose. It is also reasonable to expect some people to experience improved sleep from doses in the 2.5-mg to 10-mg range, although clinical response is not predictable or robust. Finally, AD patients with circadian rhythm sleep disturbances, such as 1 of our subjects, may have more positive responses. Nevertheless, the essentially negative results of this trial leave us without any proven therapy for most AD patients with insomnia, and clinicians are left to make intuitive choices of sleep therapies until more conclusive data are available.
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